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Abstract
Large Eddy Simulations (LES) are performed on a Vertical Axis Hydrokinetic Turbine (VAHT) at two different solidities, so
as to enable a more complete physical description of the flow than for classic statistical calculations. To analyze the turbine
performances, local quantities are defined to evaluate the contribution of the different turbine elements to the global VAHT
power coefficient. For a deeper analysis of the major losses, the real turbine is also compared with an ideal turbine composed
of only three infinite blades. It is observed that the ideal turbine with the lower solidity provides the best performance, but
the losses due to the blade tips and the arms strongly increase for the real turbine at the same solidity. Consequently, for the
considered real turbine, there is no clear gain to decrease the solidity. Simulations of the ideal turbine are performed for various
solidities at their optimal Tip Speed Ratio (TSR) to study the evolution of optimal power coefficient as a function of solidity.
A maximum power coefficient is obtained for a small value of the solidity. This is explained because the optimal TSR of this
optimal solidity leads to angles of incidences on the blade which avoid a penalizing dynamic stall phenomenon but are high
enough to produce an important positive torque The design of an efficient turbine has then to limit losses, to be able to use
small solidity and then to avoid dynamic stall phenomenon by having a high optimal TSR.
Keywords: Vertical Axis Hydrokinetic Turbines; Tip Speed Ratio; Solidity; Large Eddy Simulations
1. Introduction
Tidal currents represent a large renewable energy resource concentrated in a few dozen sites in the world [1]. Vertical Axis
Hydrokinetic Turbines (VAHT) are less expensive than traditional hydropower facilities. They are also faster to install and
allow the exploitation of more sites due to the possibility to create taylor-made arrays of turbine within regions such as rivers,
man-made channels or tidal straits where the local bathymetry focuses the flow [2]. Given the promise of VAHT technology,5
the investigation of their performance is of increasing interest to researchers and companies.
A key parameter of VAHT is the turbine solidity, which allows to characterize the blockage of the flow due to the presence
of the turbine. In this work, the turbine solidity is defined as the ratio between the cumulated blade chord length and the turbine
diameter,
휎 = 푁푐
2푅
,
with 푁 the number of blades, 푐 the blade chord and 푅 the turbine radius. Note that slight difference can appear about the
definition of this quantity, in literature. For example, Gosselin et al. [3] define the turbine solidity as 푁푐∕푅, whereas Shiono
et al. [4] define the turbine solidity as 푁푐∕(2휋푅). The turbine solidity has a major impact on the turbine efficiency and on
the turbine capacity to support hydrodynamic loads. The influence of the turbine solidity on the turbine power coefficient has10
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Figure 1: Top view of the VAHT for angular position definition.
been studied experimentally by Shiono et al. [4] and Blackwell et al. [5]. These studies show that for a given geometry, it
exists an optimal solidity which maximizes the power coefficient of the turbine. This optimal solidity strongly depends on
the turbine geometry. Shiono et al. [4] found an optimal solidity equals to 0.56, whereas Blackwell et al. [5] found a lower
optimal solidity varying between to 0.2 and 0.25. An analyze of the causes of the obtained optimal solidity is not given in
these studies. A first motivation of this present work is to deeper understand the influence of the turbine geometry details on15
the VAHT performances.
As observed by Shiono et al. [4] and Blackwell et al. [5], the turbine solidity influences the optimal Tip Speed Ratio (TSR).
A higher solidity leads to a lower optimal TSR. The TSR 휆 is equal to 휔푅푉0 , where 휔 is the turbine rotation speed magnitude and
푉0 is the free-stream velocity. As described by Zanette [6], the TSR defines the relative flow incidence 훼 on a VAHT blade.
Considering a constant free-stream velocity accross the turbine, it can be shown that:
훼 = arctan
(
sin (휃)
cos (휃) + 휆
)
(1)
where 휃 is the angular position of the VAHT defined in Figure 1. The blade incidence is thus time dependent and periodic.
As described by Paraschivoiu [7], at small TSRs, the static stall angle of incidence of the blade is exceeded and the dynamic
stall phenomenon [8] occurs. As the optimal TSR of high solidity turbines is low, high solidity turbines operates with dynamic
stall phenomenon at their optimal TSR. The dynamic stall phenomenon in VAHT has been observed in various experimental
studies [8, 9, 10, 11, 12, 13]. This phenomenon is strongly influenced by the maximum angle of incidence and the reduced
frequency of the blades [14]. A definition of the reduced frequency of the blades of a VAHT has been introduced by Laneville
and Vittecoq [15]:
푘푉 퐴퐻푇 =
휎
푁
⋅
1
휆 − 1
⋅
(
arctan
(
1√
휆2 − 1
))−1
(2)
As shown by this equation, the reduced frequency and consequently the dynamic stall phenomenon in a VAHT is influenced
by the TSR and the solidity of the VAHT.
Numerous numerical studies have been performed on VAHT. However, the flow in a VAHT and the associated turbine
power coefficient are challenging to predict. Unsteady Reynolds Averaged Navier-Stokes (URANS) computations have been20
performed in 2D configurations by Pellone et al. [16] and Zanette [6] on high solidity VAHT (휎 = 0.55). The classic bell-shape
2
of power coefficient as a function of TSR was reproduced with slight difference with experimental data. The flow topology
at different TSRs was compared with measurements obtained from Particule Image Velocimetry (PIV) [17]. Whereas the
numerical vorticity fields are coherent the dynamic stall vortex development is delayed in the simulations. The two-dimensional
approach does not take into account the losses due to blade tips, arms and shaft. Consequently, the turbine power coefficient25
is largely overestimated. Three-dimensional URANS simulations were also performed by Pellone et al. [16] and Zanette [6].
The prediction of the turbine power coefficient was improved. However, the turbine power coefficient evolution with angular
position still shows discrepancies compared with the experimental results and the dynamic stall vortex development is still
delayed. Simulations on a high solidity VAHTs including blade tips, arms and shaft highlighted the high losses generated by
blades tips and blade/arm connections at optimal TSR. Yet, the influence of the turbine solidity was not studied. Joo et al. [18]30
studied the influence of solidity of a VAHT by performing 3D URANS computations. The geometry is simplified and does
not contain arms and shaft. The increase of the optimal TSR with a decrease of the solidity is found, as well as a solidity
which maximize the power coefficient of the turbine. Authors highlight the impact of solidity on the flow blockage and the
flow interaction between the blades and the free stream.
Posa et al. [19] investigated the wake of an isolated vertical axis wind turbine using large-eddy simulations. A filtered-35
structure fonction model and immersed boundary method was used. Losses due to blade tips, arms and shaft were not modeled
as the studied geometry consists in three blades in rotation, with a periodicity condition applied in the rotation axis direction.
Comparison with experimental data can therefore not be quantitative. However, ensemble averaged velocity profiles in the
near wake of the turbine showed a good qualitative agreement with PIV measurements. Besides, the relative size and number
of distinct structures in the wake of the turbine obtained by LES is in close agreement with experimental data. A numerical40
study involving both 2D and 3D URANS simulations and large-eddy simulations was led by Li et al. [20] on a vertical axis
wind turbine. A 푘−휔SST model and a dynamic Smagorinsky subgrid-scale model was used, respectively. The study case is a
simplified geometry composed of three blades and a shaft, with a periodicity condition in the shaft direction. It does not take
into account the losses due to blade tips and arms. The authors compared the evolution of the blade tangential force coefficient
during a round with experimental results. Both URANS approaches delayed the dynamic stall and consequently overshot the45
tangential force in the region 0° < 휃 < 180°. The LES approach improved the prediction of the dynamic stall phenomenon and
consequently improved the blade tangential force prediction. The prediction of turbine power coefficient is therefore improved
by LES.
Even though its high computational cost, LES approach has shown its superior accuracy compared with RANS approach
in various applications such as aerodynamic studies [21], combustion [22], meteorology [23], flow around hdyrofoil [24, 25],50
and architectural fluid mechanics [26] but also for less standard applications dealing for instance with accurate rain mea-
surements [27], electronic system cooling design [28], sediment transport [29], or process engineering [30]. LES is then an
attractive approach to capture the flow dynamics and to correctly predict the power coefficient of a vertical axis turbine. One of
the main objectives of this work is then to perform the first LES of a complete VAHT geometry in order to deeply investigate
the turbine performances and the influence of its solidity. Then, in this work, LES are performed on a complete three-blade55
VAHT, namely the Achard turbine [31]. A particular emphasis is placed on the impact of solidity on the performances, which
is today partially understood. To analyze the turbine performances, the global power coefficient is investigated with the in-
troduction of local quantities. These local quantities are defined as the contribution of various elements of the turbine to the
global power coefficient. To evaluate the major losses generated by the real turbine, simulations of an ideal turbine composed
3
with only three infinite blades are also performed.60
The paper is organized as follows: the next section 2 details the study cases (sec. 2.1), the analyzed quantities (sec. 2.2)
and the numerical set up (sec. 2.3). Section 3 allows to confirm the reliability of the performed simulations by using classic
verification (sec. 3.1) and validation (sec 3.2) procedures. The section 4 gives the results of this work by first analyzing the
VAHT at two solidities (sec. 4.1). In this part “real” and “ideal” turbines are considered. Simulations of the ideal turbine are
finally performed for various solidities at the optimal TSR to study the evolution of optimal power coefficient as a function of65
solidity (sec. 4.2). Conclusions are drawn in section 5 with a sum-up of the main mechanisms having an effect on the turbine
performances.
2. Numerical methodology
2.1. Configurations studied
The considered geometry is an Achard turbine [31]. The first geometry considered is this work corresponds to the turbine70
experimentally studied by Dellinger [32] and Mentxaka Roa et al. [33]. This turbine is a Darrieus-type turbine composed
by three blades, as shown in Figure 2. The blade section is a projected NACA0018 profile without pitch angle and the main
characteristics of the turbine are summarized in table 1. This leads to a turbine with a solidity 휎 = 0.55, for which the optimal
TSR is known from experimental data [32, 33], 휆표푝푡 = 2. Three TSRs are therefore considered, 휆 = 1, 2 and 2.5. To study the
effect of solidity, this first geometry is modified to consider a second turbine with 휎 = 0.16. This modification is obtained by75
conserving the blade chord and by varying the turbine radius. For this new solidity, the optimal TSR can be estimated from
experimental data compilation, showing that 휆표푝푡 ∝ 1∕
√
휎 [34]. The estimated optimal TSR for 휎 = 0.16 is then equal to 3.4.
The three considered TSRs in this case are therefore 2.9, 3.4 and 3.9.
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Figure 2: Illustration of the real turbine with 휎 = 0.55. Figure 3: Illustration of the ideal turbine with 휎 = 0.55
80
4
Blade number 3
Turbine radius 푅 87.5mm
Blade chord 푐 32.1mm
Height퐻 175mm
Shaft diameter 푑 22mm
Table 1: Characteristics of the real turbine geometry.
These turbines are denoted as the real turbines in the following. To evaluate the major losses generated by these real
turbines, ideal turbines only composed by three infinite blades are also considered, as shown in Figure 3. Then, the performance
of these ideal turbines will not be affected by blade/arm connection, arm, shaft, blade tip, ... The same solidities and the same85
TSRs as the real turbines are considered. Finally, to investigate the evolution of the optimal turbine power coefficient of this
ideal turbine as a function of its solidity, additional solidities 0.11, 0.34 and 1.08 are considered at the estimated optimal TSR,
respectively 4.1, 2.3 and 1.3.
For all these turbines the free-stream velocity 푉0 is set to 2.8 m/s, and the TSR is varied by changing the turbine rotation
speed magnitude, 휔. Considering all tested TSRs, this leads to a range of Reynolds number based on the chord length 푅푒푐 =90
휔푅푐
휈 (where 휈 is the water kinematic viscosity) varying between 8.9 × 104 and 3.7 × 105. Note that this Reynolds number
variation is only due to the variation of 휔, but at a given TSR, the Reynolds number is the same for all considered turbines,
similarly to experiments.
2.2. Quantities of interest
To compare and study the different VAHTs, we introduce the mean and the instantaneous power coefficient
⟨
퐶푉 퐴퐻푇푝
⟩
and
퐶푉 퐴퐻푇푝 defined as: ⟨
퐶푉 퐴퐻푇푝
⟩
=
⟨
푃 푉 퐴퐻푇
⟩
0.5휌퐷퐻푉 30
; 퐶푉 퐴퐻푇푝 = ∬푆푉 퐴퐻푇 퐶푝
(
⃖⃖⃖⃖⃗푂퐼
)
푑푆 (3)
where ⟨푃 푉 퐴퐻푇⟩ is the mean power generated by the turbine equal to ⟨퐶푉 퐴퐻푇푧 ⟩휔, where ⟨퐶푉 퐴퐻푇푧 ⟩ is the mean torque
generated in the rotation axis direction. 푆푉 퐴퐻푇 is the turbine surface and 퐶푝
(
⃖⃖⃖⃖⃗푂퐼
)
is a local power coefficient generated by
the point 퐼 of the turbine surface:
퐶푝
(
⃖⃖⃖⃖⃗푂퐼
)
=
퐶푧
(
⃖⃖⃖⃖⃗푂퐼
)
휔
0.5휌퐷퐻푉 30
(4)
퐶푧
(
⃖⃖⃖⃖⃗푂퐼
)
is the axial torque generated by the point 퐼 of the turbine:
퐶푧
(
⃖⃖⃖⃖⃗푂퐼
)
=
(
⃖⃖⃖⃖⃗푂퐼 ∧
(
−푃 ⃖⃗푛퐼 + 휏 ⋅ ⃖⃗푛퐼
))
⋅ ⃖⃖⃗푒푧 (5)
where 푃 is the pressure, 휏 is the viscous stress tensor, ⃖⃗푛퐼 is the surface normal at the point 퐼 and ⃖⃖⃗푒푧 is the axial unit vector95
(turbine rotation axis direction).
To study the performances of different zones of the real turbines, the instantaneous power coefficient is integrated on parts
of the turbine surface. A power coefficient is then defined for each region:
퐶푟푒푔푖표푛푝 = ∬푆푟푒푔푖표푛 퐶푝
(
⃖⃖⃖⃖⃗푂퐼
)
푑푆. (6)
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Figure 4: VAHT regions used for performance anal-
ysis
∙ : blade tip, ∙ : blade, ∙ : blade/arm connection,
∙ : arm, ∙ : arm/shaft connection, ∙ : shaft.
Only the upper symmetry of a blade is considered.
The considered VAHT regions are defined in Figure 4.
In order to compare the performance of the regions involving different heights, a region efficiency is introduced:
휂푟푒푔푖표푛 = 퐶푟푒푔푖표푛푝 ⋅
퐻
ℎ푟푒푔푖표푛
(7)
where ℎ푟푒푔푖표푛 is the height of the considered region.
The different variables presented in this section will be used to perform a detailed analysis of the VAHT performance.
Layouts of 퐶푝
(
⃖⃖⃖⃖⃗푂퐼
)
over the turbine surface will be shown. Isosurfaces of the Q-criterion [35] will also be shown to highlight100
the principal vortices of the flow.
2.3. Numerical set-up
To study the performance of these turbines, Large-Eddy Simulations (LES) of the flow configurations are performed.
Conversely to URANS approach, LES allows to explicitly describe the turbulent motion at the largest scales of the flow [36]. It105
leads to a more complete physical description of the flow, but with a much higher computational cost than for classic statistical
calculations. In this work, LES were performed using the YALES2 flow solver [37]. This code solves the incompressible and
low-Mach number Navier-Stokes equations for turbulent flows on unstructured meshes using a projection method for pressure-
velocity coupling [38]. It relies on fourth-order central finite-volume schemes and on highly efficient linear solvers [39]. The
time integration is explicit for convective terms using a fourth-order modified Runge-Kutta scheme [40], with a semi-implicit110
integration for the diffusive terms. YALES2 solver is able to deal with unstructured grids composed only by tetrahedron
elements or by prisms and tetrahedron elements, allowing to perform LES or DNS of complex geometries in the context of
massively parallel computations. The solver has been validated for various applications such as combustion [41, 42], bio-
mechanics [43], hydro-electricity [44], wind energy [45], or multiphase flows [46]. In this work, the equations are solved in a
rotating frame and a rotating velocity condition is imposed at the inlet. A constant Courant-Friedrichs-Lewy (CFL) number of115
0.9 is set for all cases. The Smagorinsky dynamic subgrid-scale model is used [47].
For both real and ideal turbines, the domain extension is equal to 16 turbine diameters around the VAHT to avoid confine-
ment effect (see next section for a verification of this choice). A no-slip boundary condition is imposed on the turbine surface,
with no wall laws. As no turbulence is imposed at the inlet, the flow is laminar upstream from the VAHT. The flow is assumed
to be incompressible. Finally, for the real turbines, in the spanwise direction (rotation axis direction) the domain size is 1.43120
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turbine height as in the experiments [32, 33], and a slip-wall condition is used on top and bottom. For the ideal turbines, to
represent infinite blades, the blades cross the domain and a periodicity condition is applied on top and bottom limits. For these
cases, the domain height is set to 5푐. Computation domain and boundary conditions are illustrated in Figure 5 for the real
turbine case with 휎 = 0.55.
  
c)
a)
Rotating velocity condition
V
0
 = 2.8 m/s
b)
Slip wall
Slip wall
1.43 H
16D
Turbine : wall
Figure 5: Illustration of the computation domain and boundary conditions for the real turbine case with 휎 = 0.55: (a) global view, (b) top view, (c) side view.
3. Verification and Validation of simulations125
3.1. Verification: mesh convergence and confinement effect
To confirm the reliability of the performed simulations, a mesh convergence is first performed. The results for the real tur-
bine case with 휎 = 0.55 is presented. Four meshes are generated with the same topology. The mesh is generated using 6 prism
layers close to the turbines walls, and tetrahedrons elements elsewhere. The prisms layers are defined by the characteristics of
the first layer (the closest layer to the turbine wall), i.e. by the length to the prism normal to the wall, Δ푛, and by its aspect130
ratio with the triangle base-length of the prism. Here, this ratio does not exceed 20, and the element growth rate from the wall
is equal to 1.1. After the prism layers, tetrahedrons elements are used. In a first region defined with a radial extension equal
to 6 turbine radius, the element size is limited to Δ1. Outer this first region, the element size is limited to Δ2. For the overall
mesh, the growth rate is set to 1.1. The characteristics of the four meshes are summarized in table 2 and an illustration of the
mesh M3 is given in Figure 6.135
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Mesh Δ푛 Δ1 Δ2 Number of elements
M0 0.2 mm 80 mm 800 mm 16 million
M1 0.1 mm 40 mm 400 mm 29 million
M2 0.05 mm 20 mm 200 mm 54 million
M3 0.025 mm 10 mm 100 mm 105 million
Table 2: Characteristics of the considered meshes for the real turbine case with 휎 = 0.55.
(a) Global view (b) Zoom on a blade leading edge
Figure 6: Illustration of the mesh M3 for the real turbine case with 휎 = 0.55.
The evolution of the power coefficient for 휆 = 2 as a function of the turbine angular position, 휃, is shown for the four meshes
in Figure 7. Whereas a strong influence of the mesh is observed for the two coarser meshes (M0 and M1), the finer meshes140
(M2 and M3) are close. The result shows that the mesh independency is obtained for the finer mesh M3. Only this mesh will
be considered in the following. Note that this mesh leads to a most likely value of the first cell size to the wall equals to 3
wall unit (Δ푛+ ≈ 3) along the turbine and is always smaller than 20 wall unit. This result is in agreement with other works [48].
Another verification step is to insure that the domain size is large enough to avoid that confinement effect affects the turbine145
performance. Then, three domain sizes have been tested: 4퐷, 8퐷, and 16퐷, with 퐷 the turbine diameter (see Figure 5 for an
illustration of the case with a domain extension of 16퐷). Figure 8 shows the evolution of the power coefficient for 휆 = 2 for
the three considered domain size. The case with a domain extension of 4퐷 shows a strong effect of the confinement, with an
over-estimation of the turbine performance. For the two other cases, the effect is smaller. A domain extension equals to 16
turbine diameters is therefore chosen.150
Finally, to respect the mesh criteria and the ratio between the domain and the turbine diameters, the mesh is adapted for
each geometries. The number of elements of each generated mesh is summarized in tables 3 and 4 for real and ideal turbines,
respectively. It is then expected that LES approach leads to a more complete physical description of the flow, but with a much
higher computational cost than for classic RANS calculations. For the final meshes, the CFL constraint leads to an angle155
variation in one time step around 5 × 10−3 degree. Then, for these meshes, a complete revolution of the turbine needs around
27h on 768 cores (Bull B720 Haswell, CPU frequency: 2.6 GHz).
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Figure 7: Power coefficient as a function of angular position for the real turbine
with 휎 = 0.55 and 휆 = 2. Comparison of four meshes: M0 (——), M1 (——), M2
(——), and M3 (——).
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Figure 8: Power coefficient as a function of angular position for
the real turbine with 휎 = 0.55 and 휆 = 2. Comparison of three
domain extensions: 4퐷 (——), 8퐷 (——), and 16D(——).
휎 0.55 0.16
Mesh 105 M 177 M
휆 1 ; 2 ; 2.5 2.9 ; 3.4 ; 3.9
Table 3: Solidities, corresponding mesh element num-
ber (in million) and computed TSRs for LES of real tur-
bines.
휎 1.08 0.55 0.34 0.16 0.11
Mesh 42 M 44 M 48 M 63 M 85 M
휆 1.3 1 ; 2 ; 2.5 2.3 2.9 ; 3.4 ; 3.9 4.1
Table 4: Solidities, corresponding mesh element number (in million) and computed TSRs
for LES of ideal turbines.
3.2. Validation: comparison with experimental results160
For validation, the real turbine with the solidity 휎 = 0.55 is now compared with experimental data obtained on a similar
configuration for the three TSRs: 휆 = 1, 2, and 2.5. In experiments, PIV measurements have been performed to obtain the
axial vorticity fields around a blade, and the instantaneous torque is obtained from a synchronous generator connected to the
shaft (see [17, 32, 33] for details of the experimental set-up). It should be noted that the width of the experimental test section
is only four times the turbine diameter, leading to confinement effect. As a consequence, the blockage ratio of the experimental
configuration is four times higher than the numerical value. According to the work of Mentxaka Roa et al. [33], the turbine
power coefficient decreases as the blockage ratio decreases. An estimation of the blockage effect on the mean power coefficient
at the optimal TSR has been introduced byWerle [49], by defining the blockage ratio, 휖, as the ratio of the cross-sectional areas
between the turbine and the test section. The optimal mean power coefficient of two turbines for which the blockage ratio is
휖1 and 휖2 respectively follows the relation:
⟨퐶푉 퐴퐻푇푝 ⟩ (휖1) ≈ ⟨퐶푉 퐴퐻푇푝 ⟩ (휖2)
(
1 − 휖2
)2(
1 − 휖1
)2 (8)
Figure 9 shows the experimental and numerical mean power coefficients
⟨
퐶푉 퐴퐻푇푝
⟩
as a function of TSR. Numerical values
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obtained with and without the blockage correction are presented for the optimal TSR. The classic bell-shaped curve of the mean
power coefficient as a function of TSR is well reproduced. At the lower value 휆 = 1, the result obtained from LES is close
to the experimental result. At this low rotation speed, the flow blockage led by the turbine is low and the influence of the test
section area is small. The flow blockage increases with the turbine rotation speed. The influence of the test section area thus165
increases as the TSR increases. For the values 휆 = 2 and 휆 = 2.5, the blockage ratio influence is clearly observed. Numerical
results using the correction show a very good agreement with the optimal experimental mean power coefficient. Note that the
correction is only valid at the maximum power condition and then it can be only used for the optimal TSR [49].
Figure 10 depicts the evolution of the instantaneous VAHT power coefficient as a function of the turbine angular position
휃 for the three computed TSRs. At the solidity 휎 = 0.55 and 휆 ≥ 2, a blade generates most of the power coefficient in the 60-170
120°zone. As the turbine is composed of three blades, the instantaneous turbine power coefficient shows three periodic zones
corresponding to successive blades presence into the 60-120°zone. The evolution of the power coefficients as a function of the
angular position is in good agreement with experimental data. The switch of the maximum power coefficient at approximately
휃 = 60° for 휆 = 1 instead of 휃 = 90° for 휆 = 2 and 2.5 is well predicted. Due to the difference of blockage ratio between the
experimental and numerical configuration, the computed values of 퐶푉 퐴퐻푇푝 are lower than the experimental data, except for175
the lowest TSR value 휆 = 1. Note that the LES have also been qualitatively compared with experimental data obtained by PIV
[50]. In particular, it has been shown that LES is able to reproduce the deep dynamic stall [51] observed for small TSR.
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Figure 9: Mean power coefficient as a function of TSR. ⬟ : LES, ■ : LES with
blockage ratio correction, — ⋅—: experimental data extracted from [32].
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Figure 10: Power coefficient as a function of angular position.
——: 휆 = 1, ——: 휆 = 2, ——: 휆 = 2.5, ——: LES, – – –:
experimental data extracted from [32].
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Figure 11: Mean power coefficient as a function of TSR.
⬟ : 휎 = 0.55, ■ : 휎 = 0.16——: real turbines, – – –: ideal turbine.
4. Results and discussion
4.1. Analysis of the VAHT at solidities 휎 = 0.55 and 휎 = 0.16
4.1.1. Mean power coefficients analysis180
Figure 11 presents the mean power coefficients obtained for the real and ideal turbines at solidities 휎 = 0.55 and 휎 = 0.16,
respectively. The results for the real turbines are depicted in plain lines while the results for the ideal turbines are depicted
with dashed lines. As no losses are generated by blade tips, blade/arm connections, arms, arm/shaft connections and shaft, the
power coefficients of the ideal turbines are strongly higher than those of the real turbines at the optimal TSRs (around 40% for
the high solidity and 70% for the low solidity). The estimation of the optimal TSR for the low solidity turbine is correct for the185
ideal turbine. In the real turbines, the losses generated at high rotation speed lead to decrease the optimal TSR.
As regard to the solidity influence for the ideal turbine, the optimal mean power coefficient is 31% higher for the low
solidity configuration. This difference is reduced to 8.1% when considering the real turbines. A low solidity VAHT can
therefore produces a better power coefficient compared to a high solidity VAHT. However, low solidity turbines operates at
higher TSR, which leads to increase losses and to limit the power coefficient gain. If the considered turbine geometry generates190
high losses, the power coefficient can be lower for the low solidity turbine.
The real Achard turbine has been designed with only one arm per blade in order to limit the losses. The blade/arm connec-
tion is also designed to limit the interactions between these two components. This leads the low solidity real turbine to have
an optimal performance slightly higher than the high solidity real turbine.
The next sections are dedicated to the analysis of the differences of performance between the high and the low solidity195
turbines. We first propose a detailed analysis of the high solidity turbine performance at its optimal TSR. Then, a comparison
between the high and the low solidity turbines will be made at their respective optimal TSRs.
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4.1.2. Analysis of the high solidity turbine (휎 = 0.55) at its optimal TSR (휆 = 2)
The power coefficients and efficiencies as introduced in the section 2.2 for each region is now considered. At this solidity,
the obtained regional power coefficients on the arm, arm/shaft connection and shaft are negligible and will not be reported200
here.
Figure 12 shows a global view of the flow through the real turbines. The main vortices are identified by plotting isosurfaces
of the Q-criterion. The blade tip vortices are clearly illustrated.
Figure 12: Isosurface of the Q-criterion, 푄 = 2.25 × 105푠−2, colored by vorticity magnitude (푠−1) for the real turbine at 휎 = 0.55 and 휆 = 2. The flow goes
from right to left.
Figure 13 shows the evolution of 퐶푟푒푔푖표푛푝 for the blade region, the blade tip region and the blade/arm connection region as a
function of the angular position 휃. At a solidity 휎 = 0.55, a blade generates most of the power coefficient in the upstream half-205
disk ([0° ≤ 휃 ≤ 180°]). The blade generates few power coefficient in the downstream half-disk and can even produce negative
torque. Figure 14 shows a contour of absolute velocity magnitude on a plane located at quarter-blade height. The high solidity
of the VAHT leads to a high flow blockage and the flow velocities observed in the downstream half-disk ([180° ≤ 휃 ≤ 360°])
are low. Few energy is then available after the flow goes through the upstream blades. The low velocity leads the angles
of incidence on the blades to be close to 0°. It explains that the regional power coefficients can reach negative values in210
the downstream half-disk. As a consequence, the estimation of the flow incidence on the blades given by equation 1 is no
more correct in the downstream half-disk. However, it remains a good approximation in the upstream half-disk. According to
equation 1, the maximal angle of incidence on a blade at 휆 = 2 is close to 30°. This angle of incidence is strongly higher than
the static stall angle of incidence of the blade. According to equation 2, at 휎 = 0.55 and 휆 = 2 the blade reduced frequency
푘푉 퐴퐻푇 is equal to 0.35. These high reduced frequency and angle of incidence show that the blade operates with a dynamic215
stall phenomenon in the upstream half-disk.
To better understand the evolution of the power coefficient of the blade region in the upstream half-disk, the axial vorticity
field at the vicinity of a blade is shown in Figure 15. At the revolution beginning, the angle of incidence on the blade increases
and the flow seems to be entirely attached to the blade even when the static stall angle is exceeded (cf. Figure 15, 훼 ≈ 20.5°,
휃 = 65°). The power coefficient generated by the blade increases with the incidence. Then, the angle of incidence on the blade220
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continues to increase and the flow starts to detach from the trailing edge toward the leading edge (cf. Figure 15, 훼 ≈ 29.0°,
휃 = 105°). As seen in Figure 13, the instantaneous power coefficient generated by the blade region starts to decrease whereas
the angle of incidence on the blade still increases. The blade hydrodynamic performance thus decreases. At the very beginning
of the downstroke phase (cf. Figure 15, 휃 = 125°, 훼 ≈ 29.9°), the separation of the boundary layer is maximal and has nearly
reached the blade leading edge. In the rest of the downstroke phase, the boundary layer reattaches to the blade from the leading225
edge toward the trailing edge. As seen in Figure 13, the instantaneous power coefficient of the blade region decreases with the
angle of incidence on the blade.
The reduced frequency at this TSR and at this solidity leads the blade to operate with a dynamic stall phenomenon, which
leads to benefit from the high incidences reached by the blade. A high amount of power is generated in the upstream half-disk,
even if the lift-to-drag ratio of the blade is slightly decreased by the dynamic stall phenomenon.230
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Figure 13: 퐶푟푒푔푖표푛푝 as a function of angular position for the
real turbine at 휎 = 0.55 and 휆 = 2. ⧫: blade, ∙ : blade tip,
▴: blade/arm connection.
Figure 14: Slice of the computation domain at
quarter-blade height colored by absolute velocity
magnitude (푚.푠−1) for the real turbine at 휎 = 0.55
and 휆 = 2.
Although all regions generate the major part of the power in the upstream half-disk, Figure 13 shows that the contributions
of each region are unequal. The blade region generates the major part of the power coefficient. The different heights of the
regions partialy explain these discrepancies. However, Figure 16 shows that the efficiency of the blade tip and the blade/arm
connection are lower than that of the blade region. As seen in Figure 17, the blade tip vortex directly impacts the 퐶푝
(
⃖⃖⃖⃖⃗푂퐼
)
distribution. The blade tip causes a leak of flow streamlines due to the difference of pressure between the pressure side and the235
suction side of the blade. A lift loss and consequently a local decrease of 퐶푝
(
⃖⃖⃖⃖⃗푂퐼
)
is observed at the blade tip leading edge
(cf. Figure 17a). The generated vortex also generates a brake area on the suction side at the blade tip trailing edge vicinity.
The important lack of efficiency of the blade tip compared to the other regions appears in the upstream half-disk, where the
pressure difference between the pressure side and the suction side is high. In the downstream half-disk, the blade tip vortices
are weak as it can be seen in Figure 12. Figure 17a shows that the lack of efficiency of the blade/arm connection region seems240
to be firstly due to a lift loss at the leading edge. The arm deflects the flow streamlines towards up and down directions. The
flow streamlines are consequently not perpendicular to the blade and the lift generated by the blade is degraded. Secondly,
interferences between boundary layers of the blade and the arm lead to a brake area at the rear part of the blade/arm connection.
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Figure 15: Contour of spanwise vorticity (푠−1) at quarter-blade height for the real turbine at 휎 = 0.55 and 휆 = 2. Angle of incidence 훼 on the blade has been
obtained with equation 1.
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As the blade/arm connection of the studied geometry has been designed to reduce these interferences, the efficiency of this
region is less degraded than the blade tip efficiency.245
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Figure 16: 휂푟푒푔푖표푛 as a function of angular position for the
real turbine at 휎 = 0.55 and 휆 = 2. ⧫: blade, ∙ : blade tip,
▴: blade/arm connection.
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Figure 17: Contour of 퐶푝
(
⃖⃖⃖⃖⃗푂퐼
)
(a) and isosurface of Q-criterion,
푄 = 2.25 × 105푠−2, coloured by spanwise vorticity (푠−1) (b) along
a blade at 휃 = 95° for the real turbine at 휎 = 0.55 and 휆 = 2.
To quantify the disturbance due the blade tip and the blade/arm connection, the efficiency of the real turbine is compared
with the ideal turbine configuration in Figure 18. The efficiency of the blade region for both geometries is globally equivalent.
We notice a degradation of the efficiency for the real turbine in the angular ranges 90° ≤ 휃 ≤ 180° and 270° ≤ 휃 ≤ 360°. The
blade region efficiency is consequently slightly decreased by the blade tip and the blade/arm connection region.
To end up with the analysis of the high solidity turbine (휎 = 0.55) at optimal TSR (휆 = 2), table 5 sums up the values of250 ⟨퐶푟푒푔푖표푛푝 ⟩ and ⟨휂푟푒푔푖표푛⟩ for the different regions.
Region ⟨퐶푟푒푔푖표푛푝 ⟩ ℎ푟푒푔푖표푛 (푚) ⟨휂푟푒푔푖표푛⟩
Blade (ideal) 0.0615 0.08025 0.1231
Blade 0.0320 0.05 0.1118
Blade tip 0.0068 0.0175 0.0678
Blade/arm connection 0.0079 0.02 0.0688
Table 5: ⟨퐶푟푒푔푖표푛푝 ⟩ and ⟨휂푟푒푔푖표푛⟩ for 휎 = 0.55, 휆 = 2.
This part was dedicated to the analysis of the high solidity turbine at optimal TSR. The next section aims to better understand
the mean power coefficient differences observed between the high and the low solidity VAHT at their optimal TSR.
4.1.3. Comparison of VAHT at 휎 = 0.55 and 휆 = 2 with VAHT at 휎 = 0.16 and 휆 = 3.4255
Figure 19 shows the evolution of 퐶푟푒푔푖표푛푝 for the blade region, the blade tip and the blade/arm connection as a function of
the angular position 휃 for the low solidity real turbine at 휆 = 3.4. Contrarily to the previous observation for the high solidity
turbine, the power coefficient is generated in the upstream half-disk and in the downstream half-disk. According to Figure 20,
the flow blockage is lower in comparison with the high solidity turbine case. The velocities observed in the downstream half-
disk are high enough to generate power. These velocities are however lower to those observed in the upstream half-disk. The260
15
0◦
45◦
90◦
135◦
180◦
225◦
270◦
315◦
−0.2
−0.1
0.0
0.1
0.2
0.3
0.4
0.5
Figure 18: 휂푟푒푔푖표푛 as a function of angular position for the blade region at 휎 = 0.55 and 휆 = 2. ——: real turbine, – – –: ideal turbine.
maximal power coefficient generated in the downstream half-disk is consequently lower than that generated in the upstream
half-disk. However, a non-zero power coefficient is obtained on a larger range of angles in the downstream half-disk.
According to equations 1 and 2, with 휎 = 0.16 and 휆 = 3.4, the reduced frequency 푘푉 퐴퐻푇 is equal to 0.07 and the maximal
angle of incidence on the blade is equal to 17.1°. The low solidity turbine blade operates either in a quasi-steady regime either
with a weak dynamic stall phenomenon. As shown in Figure 21, the flow around the blade is less detached during a round.265
It is more pronounced in the downstream half-disk where the flow velocity is lower. The lift-to-drag ratio of the blade is
consequently better in the low solidity turbine case than in the high solidity turbine case.
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Figure 19: 퐶푟푒푔푖표푛푝 as a function of angular position for 휆 = 3.4.
⧫: blade, ∙ : blade tip, ▴: blade/arm connection.
Figure 20: Slice of the computation domain at
quarter-blade height colored by absolute velocity
magnitude (푚.푠−1).
Figure 22a shows the evolution of the instantaneous power coefficient 퐶푉 퐴퐻푇푝 for both ideal and real configurations at their
optimal TSR. For the ideal turbine cases, we notice that the power coefficient of the low solidity turbine is higher for all angular
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Figure 21: Contour of spanwise vorticity (푠−1) at quarter-blade height for the real turbine at 휎 = 0.16 and 휆 = 3.4. Angle of incidence 훼 on the blade has
been obtained with equation 1.
positions. However, this is not observed for the real turbines. Depending on the angular position, the low solidity turbine270
generates more or less power than the high solidity turbine. Note that the power coefficient varies less during a revolution for
the low solidity turbine cases whatever the geometry.
Figure 22b shows the evolution of the efficiency of the blade region as a function of angular position for high and low
solidity turbines. The differences of behavior are highlighted. As already explained, for the high turbine solidity cases, the
major part of the mean power coefficient is generated into the upstream half-disk. Due to a low TSR, high angles of incidence275
are reached. The dynamic stall phenomenon leads the blades to generate high instantaneous power coefficient values. For
the low solidity turbine cases, the higher optimal TSR leads to lower angles of incidence. Despite a higher rotation speed the
power coefficient generated in the upstream half-disk is lower than that of the high solidity turbine case. However, for the low
solidity turbine case, the flow velocities observed in the downstream half-disk are high enough to generate a high amount of
power coefficient. Consequently, for the ideal turbine cases, the mean power coefficient generated by the low solidity turbine280
case is strongly higher in comparison with the high solidity case.
However, as seen in Figure 22b, the efficiency of the blade region is degraded for the real turbine case compared to the
ideal turbine case in the angular ranges 90° ≤ 휃 ≤ 180° and 270° ≤ 휃 ≤ 360°. A higher gap of efficiency between the ideal
and the real turbines is observed in the low solidity turbine case. The efficiency of the blade region is thus more degraded by
the blade tip and the blade/arm connection in the low solidity case than in the high solidity case. According to Figure 24, it285
seems that the decrease of efficiency of the blade region in the low solidity real turbine is mainly due to the blade tip. A blade
tip vortex is observed in Figure 25. The associated decrease of 퐶푝
(
⃖⃖⃖⃖⃗푂퐼
)
values due to the leakage of streamlines seems to
extend over a larger part of the blade compared to the high solidity case as seen in Figure 17a. In the ideal turbine case where
there is no blade tip vortex, 퐶푝
(
⃖⃖⃖⃖⃗푂퐼
)
values at the leading edge are higher and its distribution is uniform along the blade.
Figure 23a shows the evolution of 퐶푟푒푔푖표푛푝 as a function of the angular position for the blade/arm connection and the blade290
tip regions. The impact of the solidity decrease on the blade/arm connection region is similar to that of the blade region. A
solidity decrease leads to decrease the power coefficient generated in the upstream half-disk and to increase the power coefficient
generated in the downstream half-disk. A decrease of the power coefficient in the upstream half-disk is also observed for the
blade tip. However, no significant power coefficient increase is observed in the downstream half-disk. Finally, the arms
contribute to decrease the global power coefficient of the low solidity real turbine. Indeed, Figure 23b shows that the arms295
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Figure 22: 퐶푉 퐴퐻푇푝 (a) and 휂푟푒푔푖표푛 for the blade region (b) of real and ideal turbines. ——: 휎 = 0.55 and 휆 = 2, ——: 휎 = 0.16 and 휆 = 3.4. ——: real
turbine, – – –: ideal turbine.
of the low solidity real turbine generate a high level of losses compared to those of the high solidity real turbine. The higher
length of the arms coupled with a higher rotation speed lead to a dramatic increase of the drag of the arms.
Table 6 sums up the differences of mean regional power coefficients and mean regional efficiencies between high and low
solidity turbines. In the real turbines, the potential gain of mean power coefficient due to the solidity decrease is affected
by the blade tips and their impact on the rest of the blade and by the connection arms. The blade/arm connection region is300
less affected by the blade tip than the blade region as it is further away from the blade tip. The performance increase of the
blade/arm connection region due to the solidity decrease is thus higher than that of the blade region. The efficiency increase
of the blade/arm connection region is even higher than that of the blade region of the ideal turbine cases. It can be due to the
lower angles of incidence reached by the blade at 휆 = 3.4 compared to 휆 = 2. It possibly leads to reduce the boundary layers
interactions and the associated drag.305
⟨
퐶푟푒푔푖표푛푝
⟩ ⟨
휂푟푒푔푖표푛
⟩
Region 휎1 = 0.55 휎2 = 0.16 휎2 − 휎1 휎 = 0.55 휎 = 0.16 휎2 − 휎1
Blade (ideal) 0.0615 0.0811 0.0196 0.1231 0.1622 0.0391
Blade 0.0320 0.0371 0.0051 0.1118 0.1299 0.0181
Blade tip 0.0068 0.0045 -0.0023 0.0678 0.0450 -0.0228
Blade/arm connection 0.0079 0.0127 0.0048 0.0688 0.1111 0.0423
Arm ≈ 0 -0.0078 -0.0078 - - -
Table 6:
⟨
퐶푟푒푔푖표푛푝
⟩
and ⟨휂푟푒푔푖표푛⟩ for 휎 = 0.55 at 휆 = 2 and 휎 = 0.16 at 휆 = 3.4.
As seen in this section, a decrease of the turbine solidity can increase the turbine mean power coefficient, especially for
an ideal turbine case. In the next section, additional ideal turbines at various solidities are investigated in order to clarify the310
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Figure 23: 퐶푟푒푔푖표푛푝 of real turbines for blade tip and blade/arm connection (a) and for arm (b) as a function of angular position. ——: 휎 = 0.55, ——: 휎 = 0.16.
∙ : blade tip, ▴: blade/arm connection, ■: arm.
evolution of the optimal mean power coefficient as a function of turbine solidity.
4.2. Evolution of the optimal power coefficient as a function of solidity for ideal turbines
Figure 26 shows the evolution of the optimal mean power coefficient
⟨
퐶푉 퐴퐻푇푝
⟩
as a function of the turbine solidity. A
maximum value is observed at 휎 = 0.16. The turbine of higher solidity operates with a more and more pronounced dynamic
stall phenomenon as the solidity increases, since the associated optimal TSR decreases. The increase of the mean power315
coefficient from high solidities to 휎 = 0.16 is gradual. No local maximum value which could appear from a particular dynamic
stall regime has been observed.
For solidities lower than the optimal value, the angle of incidence on the blade becomes too low, the lift generated by the
blade decreases and the projection of lift and drag on the rotation circle does not favor a positive torque, which leads to decrease
the mean power coefficient.320
Figure 27a shows that variations of the instantaneous power coefficient during a revolution become lower as the solidity
decreases. Figure 27b shows that the power coefficient generation is concentrated in the upstream half-disk for high solidities.
The power coefficient generation decreases in the upstream half-disk and increases in the downstream half disk as the solidity
decreases. It becomes balanced between the upstream and the downstream half-disk at the optimal solidity 휎 = 0.16. When
the solidity decreases more, the gain in the downstream half-disk seems to be lower than the loss in the upstream half-disk and325
the turbine mean power coefficient globally decreases.
5. Conclusions
Large Eddy Simulations (LES) have been performed on Vertical Axis Hydrokinetic Turbines (VAHT) in order to deeply
analyze the efficiency of turbines, allowing to better understand the influence of the turbine solidity. Real and ideal turbines
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Figure 24: Contour of 퐶푝
(
⃖⃖⃖⃖⃗푂퐼
)
for sreal turbine (a) and ideal
turbine (b) at 휃 = 335° for 휆 = 3.4, 휎 = 0.16.
(a) (b)
Figure 25: Q-criterion isosurface,푄 = 2.25×105푠−2, colored
by spanwise vorticity (푠−1) for real turbine (a) and ideal turbine
(b) at 휃 = 335° for 휆 = 3.4, 휎 = 0.16.
are considered. Whereas the real turbines correspond to the Achard turbine, the ideal turbines are only composed by infinite330
blades. This enables to evaluate the effect of major losses due to arm, shaft, blade tip, ... on the turbine performance.
Considering first the ideal turbines, for high solidity turbine cases, most of the power coefficient is generated in the upstream
half-disk, 0° ≤ 휃 ≤ 180°, where a dynamic stall phenomenon delays the flow stall, even if the angles of incidence on the
blades exceed the static stall angle. However, there is an important flow blockage with a strong decrease of flow velocity in
the downstream half-disk, 180° ≤ 휃 ≤ 360°. Conversely, in the lower solidity cases, the optimal Tip Speed Ratio (TSR)335
is higher than in the high solidity turbine cases and lower incidence angles are reached. The lower solidity turbine blade
consequently operates with a less pronounced dynamic stall phenomenon. A lower flow blockage is therefore observed, and
the power coefficient generated by the blade is balanced between the upstream half-disk and the downstream half-disk. An
optimal solidity is then found at 휎 ≈ 0.16, leading to the optimal mean power coefficient. For lower solidities than this optimal
value, incidence angles on the blade become too low and projection of lift and drag does not favor a positive torque.340
Considering now the real turbines, the performance of the turbine is mainly degraded by blade tips, arm and blade/arm
connections. Moreover, there is no clear gain to decrease the solidity, as observed for the ideal turbine. Because of the higher
optimal TSR for smaller solidity, this is mainly due to two effects: (i) the increase of the drag of the arm, and (ii) the increase
of the losses due to the blade tips. Due to these high losses, the difference of mean power coefficients between the real and
the ideal turbines increases for lower solidity. The optimal solidity of a Darrieus turbine thus strongly depends on its design.345
For example, Shiono et al. [4] studied a turbine with two arms per blade and blade tips. This implies a low optimal TSR to
limit losses, and they consequently found a high optimal solidity (휎 = 0.56). Conversely, Blackwell et al. [5] investigate a
turbine with a shape close to an ideal troposkien. The losses are limited and a higher optimal TSR can be reached. A lower
optimal solidity situated between 0.2 et 0.25 has consequently been found. The optimization of VAHT design to limit the
turbine losses is therefore of paramount importance to bring closer real VAHT optimal solidity to ideal VAHT optimal solidity350
and to increase the optimal mean power coefficient.
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Figure 26: Optimal mean power coefficient as a function of solidity for ideal turbines.
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